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Serine and cysteine cathepsin (Cts) proteases are an important class of intracellular and pericellular enzymes 
mediating multiple aspects of tumor development. Emblematic of these is CtsB, reported to play functionally 
significant roles during pancreatic islet and mammary carcinogenesis. CtsC, on the other hand, while up-regulated 
during pancreatic islet carcinogenesis, lacks functional significance in mediating neoplastic progression in that 
organ. Given that protein expression and enzymatic activity of both CtsB and CtsC are increased in numerous 
tumors, we sought to understand how tissue specificity might factor into their functional significance. Thus, 
whereas others have reported that CtsB regulates metastasis of mammary carcinomas, we found that development 
of squamous carcinomas occurs independently of CtsB. In contrast to these findings, our studies found no 
significant role for CtsC during mammary carcinogenesis but revealed squamous carcinogenesis to be functionally 
dependent on CtsC. In this context, dermal/stromal fibroblasts and bone marrow-derived cells expressed increased 
levels of enzymatically active CtsC that regulated the complexity of infiltrating immune cells in neoplastic skin, 
development of angiogenic vasculature, and overt squamous cell carcinoma growth. These studies highlight the 
important contribution of tissue/microenvironment context to solid tumor development and indicate that tissue 
specificity defines functional significance for these two members of the cysteine protease family. 
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Extracellular matrix (ECM) remodeling enzymes are well 
established as critical mediators of tissue homeostasis 
and pathogenesis in multiple diseases, most notably 
cancer (Egeblad and Werb 2002; Balkwill et al. 2005; van 
Kempen et al. 2006; Lopez-Otin and Matrisian 2007; 
Affara et al. 2009). More recently, a significant role for 
the cysteine cathepsin (Cts) family of proteases has 
emerged in cancer, based largely on experimental studies 
in mouse models of organ- specific solid tumor develop- 
ment, and as biomarkers for risk prediction in human 
tumors (Turk et al. 2004; Mohamed and Sloane 2006; 
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Gocheva and Joyce 2007). Eleven Cts have been identi- 
fied that are predominantly localized in endolysosomal 
compartments. Due to their intracellular localization, 
the physiological impact of Cts proteases during solid 
tumorigenesis had been hypothesized to relate primarily 
to their activity in terminal protein degradation as well 
as the modification and activation of other enzymes 
(Gocheva and Joyce 2007). Several Cts proteases, how- 
ever, also exhibit extracellular protease activity as se- 
creted enzymes localized at cell surfaces, thus indicating 
their potential role in pericellular biology, including 
direct proteolysis of ECM components (Buck et al. 1992) 
and adhesion molecules (Gocheva et al. 2006) as well as 
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promotion of angiogenic programs (Shi et al. 2003; Joyce 
et al. 2004). 

A role for Cts in pancreatic islet cell carcinogenesis was 
previously revealed using RIPl-Tag2 transgenic mice, 
where treatment of mice with a broad-spectrum Cts 
inhibitor diminished tumor progression (Joyce et al. 2004). 
Subsequent studies using RIP-Tag2 mice genetically de- 
ficient for individual Cts proteases (e.g., CtsB, CtsL, and 
CtsS genes) revealed their individual roles in regulating 
tumor progression (Gocheva et al. 2006). In particular, 
CtsB and CtsS exert protumorigenic activities during 
pancreatic islet (Gocheva et al. 2010; Gopinathan et al. 
2012), mammary (Vasiljeva et al. 2006), and intestinal 
carcinogenesis (Gounaris et al. 2008); CtsL, on the other 
hand, limits intestinal (Boudreau et al. 2007), squamous 
cell (Dennemarker et al. 2010), and two-stage chemical 
(Benavides et al. 2012) carcinogenesis but is protumori- 
genic in pancreatic islet tumors (Gocheva et al. 2006). 
Thus, individual Cts proteases possess distinct roles dur- 
ing tumor development that are likely guided by charac- 
teristics of the tissue and organ microenvironment. 

CtsC, also known as dipeptidylpeptidase I, is a lyso- 
somal cysteine-class hydrolase belonging to the papain 
subfamily. Principally an amino dipeptidase, CtsC cleaves 
two-residue units in the N terminus of polypeptide chains 
in a nonspecific manner (Turk et al. 1998) and, unlike 
other cysteine Cts, exists in a tetrameric structure (Turk 
et al. 2001) that blocks autoactivation (Dahl et al. 2001). 
Although individuals with loss-of-function mutations in 
CtsC manifest prepubertal aggressive periodontitis 
(Noack et al. 2004), Haim-Monk syndrome (Hart et al. 
2000), or Papillon-Lefevre syndrome (Frezzini et al. 2004; 
Pham et al. 2004), CtsC is also of interest due to its 
catalytic activation of several leukocyte-derived serine 
proteases, including granzymes A, B, and C; neutrophil 
elastase (NE); CtsG; proteinase 3; and mast cell chymase 
(Pham and Ley 1999; Wolters et al. 2001; Adkison et al. 
2002; Mallen-St Clair et al. 2004). CtsC expression by 
mast cells and neutrophils reduces survival during septic 
peritonitis (Mallen-St Clair et al. 2004) and limits pro- 
tection from experimental arthritis (Adkison et al. 2002), 
respectively, indicating its role as a mediator of inflam- 
mation. That said, even though infiltrating leukocytes are 
important regulators of angiogenic programs during pan- 
creatic islet tumor progression, many of which express 
CtsC (Joyce et al. 2004), absence of the enzyme during 
pancreatic islet carcinogenesis was without consequence 
(Gocheva et al. 2006). However, given its role in regulat- 
ing arthritis and septic immune responses as well as its 
ability to activate pro-CtsB in vitro (Rowan et al. 1992), 
we hypothesized a functionally significant role for CtsC 
in other solid tumors where chronic presence and activa- 
tion of protumoral leukocytes play a role; e.g., mammary 
carcinomas of MMTV-polyoma middle T (PyMT) mice 
(DeNardo et al. 2009) and squamous carcinogenesis in 
K14-HPV16 mice (Andreu et al. 2010). Whereas CtsB 
plays a significant role during mammary carcinogenesis 
(Vasiljeva et al. 2006; Gocheva et al. 2010) and regulates 
proteome homeostasis in skin (Tholen et al. 2013), absence 
of CtsB in K14-HPV16 mice was without functional sig- 



nificance. In contrast, while increased levels and activity 
of CtsC were prevalent in both mammary and squamous 
carcinogenesis, absence of the enzyme in MMTV-PyMT 
mice had no significant effect on any parameter of mam- 
mary tumorigenesis, as opposed to CtsC-deficient K14- 
HPV16 mice that exhibited retarded development of 
squamous cell carcinomas (SCCs), thus revealing a func- 
tionally significant, distinctive, and nonredundant role 
of CtsC in mediating squamous carcinogenesis. 

Results 

Increased CtsC activity during K14-HPV16 skin 
neoplastic progression and mammary carcinogenesis 

Akin to what has been reported for islet cell (Gocheva 
et al. 2006) and mammary (Vasiljeva et al. 2006) carcino- 
genesis, we observed increased presence and activity for 
both CtsB and CtsC during squamous carcinogenesis 
in K14-HPV16 transgenic mice (Fig. lA-D). Reciprocally, 
expression of Stefin A and Stefin B, two endogenous CtsB 
inhibitors, was reduced (Fig. lA). Despite this correlation 
and the importance of CtsB as a regulator of neoplastic 
progression in other solid tumor types, K14-HPV16 mice 
deficient in CtsB failed to exhibit any significant changes 
in characteristics of neoplastic progression (e.g., leuko- 
cyte infiltration or complexity, angiogenesis, keratino- 
cyte proliferation, or SCC incidence or grade) as compared 
with age-matched littermate control mice (Supplemental 
Fig. SIA-H). 

In neoplastic skin, CtsC expression was prominent in 
both epithelial and dermal compartments (Fig. IC), with 
a roughly twofold increase in protein levels (Supplemen- 
tal Fig. S2A) and a > 15-fold increase in enzymatic activity 
based on use of a selective activity -based probe, FYOl (Fig. 
ID; Supplemental Fig. S2A; Yuan et al. 2006). Similarly, 
CtsC expression and activity were also elevated during 
mammary carcinogenesis in MMTV-PyMT mice, with 
mammary tumors exhibiting increased presence of CtsC- 
positive cells within carcinomas as compared with non- 
neoplastic mammary tissue (Fig. IE), paralleling increases 
in CtsC protein levels and activity (Fig. IF). Interestingly, 
CtsC expression and activity were similar in lungs con- 
taining metastases as compared with non-tumor-bearing 
mice (Fig. IF). 

Broad expression of CtsC during squamous 

and mammary carcinogenesis 

To delineate which cell types in neoplastic skin and 
mammary tissue expressed CtsC, tissue sections of pre- 
malignant skin (Fig. 2A) and mammary tumors (Fig. 2B) 
were examined by immunofluorescent staining. CtsC 
expression was predominantly localized in CD45"^ leuko- 
cytes, including F4/80"^ macrophages in both tissues and 
CD 11 7"^ dermal mast cells in dysplastic skin. Lower levels 
of CtsC immunoreactivity was also observed in other 
stromal cell types, including platelet-derived growth 
factor a (PDGFRa)-positive cells (likely fibroblasts) in 
both tissues and smooth muscle actin (SMA) -positive 
perivascular cells (likely mural cells) in mammary tu- 
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Figure 1. Increased CtsB and CtsC expression and activity during cancer development. {A, top panels) Localization of CtsB expression 
in skin of congenic negative littermates (— LM), premalignant skin of HPV16 mice at 1 and 4 mo of age, and SCCs as assessed by 
immunofluorescence staining. {Bottom panels) CtsB endogenous inhibitors, Stefin A, and Stefin B expression in skin of negative 
littermates (-LM), premalignant skin of HPV16 mice at 1 and 4 mo of age, and SCC tissue. [B] Enzymatic activity of CtsB in whole- 
tissue lysate as determined by incubation with the fluorogenic substrate Z-Phe-Arg-AMC.HCl. (AMC) 7-Amino-4-methyl coumarin. 
CtsB-selective inhibitor CA074 was added to tissue lysates as a control (red bars), n > 3 mice per group. (C) Immunofluorescent 
detection of CtsC in negative littermate (— LM) ear skin and hyperplastic (Im), early dysplastic (4m), and late dysplastic (6m) ear tissue 
of HPV16 mice. [D] Quantitation of FYOl labeling of enzymatically active CtsC within total cell extracts derived from HPV16 ear 
tissue, n = 3 mice per group. (£) Immunodetection of CtsC in representative mammary gland and tumor tissue from CtsC-proficient 
animals. Arrows mark the areas displayed in the insets. {F, bottom panels) FYOl labeling of active CtsC within total cell extracts from 
nontransgenic mammary glands (— LM), mammary tumors (PyMT), and normal (— LM) and metastatic (PyMT) lungs. {Top panels) CtsC 
protein levels were assessed by Western blotting, and CtsC-proficient (CtsC"^^~) and CtsC-deficient (CtsC~^~) samples are as indicated. 
Significance was determined by an unpaired t-test; {*) P < 0.05. 



mors. Similar expression patterns were observed by PGR 
(Supplemental Fig. S3). Analysis of metastatic foci in the 
lungs of MMTV-PyMT mice localized CtsC expression to 
F4/80"^ macrophages, with minimal expression in other 
stromal populations (Supplemental Fig. S4). In addition to 
expression of CtsC by stromal cells, CtsC was expressed 
at low levels by keratin-positive epithelial cells in skin 
(Figs. 1 A, 2A), mammary tumors (Fig. 2B), and metastatic 
mammary foci (Supplemental Fig. S4). Using The FLuman 
Protein Atlas (Uhlen et al. 2010; http://www.proteinatlas. 
org) we observed similar CtsC expression characteristics 
in human SCCs and breast carcinomas, with pronounced 
expression in tumor stroma and low expression levels in 
most carcinoma cells (Supplemental Fig. S45A,B). Fur- 



thermore, immunoreactivity for CtsC was observed in 
both CD45"^ and CD68"^ cells (a macrosialin often used to 
mark human macrophages but also expressed by other 
stromal cell types) (Fig. 2C; Ruffell et al. 2012) as well as in 
elongated CD45~ stromal cells (presumably fibroblasts). 

CtsC deficiency limits parameters of neoplastic 
progression in skin but not mammary tumors 

Given the predominant expression of GtsG by infiltrating 
immune cells and the significant role that infiltrating 
leukocytes play in regulating both squamous and mam- 
mary carcinogenesis (Goussens et al. 1999; Lin et al. 2001; 
de Visser et al. 2005; Gocheva et al. 2006, 2010; DeNardo 
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Figure 2. Stromal and epithelial cells express CtsC. Localization of CtsC (green) within dysplastic skin of HPV16/CtsC^^~ mice (6 mo 
of age) (A) and mammary tumors from MMTV-PyMT mice (5). CtsC was highly expressed in F4/80^ macrophages, CD45~PDGFRa^ 
fibroblasts, and epithelial cells in both transgenic models. While CtsC was also expressed by CD31^ endothelial cells and SMA^ 
pericytes in mammary tumors, CtsC localization was prominent in CD117^ mast cells in HPV16/CtsC^^~ ear tissue. (C) Immunoflu- 
orescent confocal microscopy of human skin SCCs and breast tumors revealing CtsC expression (green) in the stromal compartment, 
which colocalized to infiltrating CD45"^ immune cells and CD68"^ macrophages (red), in addition to localization to the epithelial 
compartment of tumors. (Dashed line) Epithelial-dermal interface; (e) epidermis. 



et al. 2009, 201 1; Andreu et al. 2010; Shree et al. 201 1 ), we 
examined total leukocyte infiltration and complexity in 
neoplastic tissue of CtsC-deficient versus CtsC-proficient/ 
HPV16 and PyMT mice. In premalignant skin, CtsC de- 
ficiency was associated with reduced levels of infiltrating 
CD45"^ cells (Fig. 3A), primarily reflecting reductions in 
CDllb-'Grl"' myeloid cells (Fig. 3B), neutrophils (Supple- 
mental Fig. S6A), and mast cells (Supplemental Fig. S6B). 



This was accompanied by a relative increase in the pro- 
portion of GDI lb"^Grl~ cells, which we previously reported 
to include F4/80"^ macrophages and GDI Ic"^ dendritic cells 
(Andreu et al. 2010). These changes in overall immune cell 
infiltration and complexity were similar to our previously 
published results with B-cell-deficient or FcR7-deficient/ 
FiPV16 mice (Andreu et al. 2010), indicating a possible 
functional role for leukocyte-derived GtsG during SGG 



GENES & DEVELOPMENT 2089 



Ruffell et al. 



K14-HPV16 




W 80 
0 70 

.£ 20 

2 



<D 10- 



MMTV-PyMT 



ICtsC*' 




HPV16 



II II >l "I 

1.1 



^100- 

« 80-1 
in 

Q 60- 
O 

5 40- 

o 

Z 20- 

o 



CtsC +/' -A V- -A +AV- +A >A 
4nn 1m 4m 6m 
(-)LM 




□ Other CD45* 

■ CD11b Gr-r 

□ CD11b*Gr-1 

■ CD11b*Gr-r 

□ CD3*CD8* 

■ CD3*CD4* 

■ CD19' B220' 



w100 
O 80 

UD 

Q 60- 
O 

o 

20- 

o 




CtsC +A -A 



HPV16 



(-)LM 



+/- -A 
PyMT 



□ CD11CVPDCA-1* 

■ B220'CD22' 

■ CD49b' 

■ CD3' DN/DP 

□ CDS* CD8* 

■ CD3* CD4* 

□ Lin 

■ CD11b* Ly6G 

■ CD11b*Ly6G* 

□ CD11b* F4/80* 




MMTV-PyMT CtsC*' 



' 200 urn 



MMTV^jyJWT CtsCy 



(-)LM 



HPV16 



PyMT 



Figure 3. Reduced leukocyte infiltration, angiogenesis, and proliferation in the absence of CtsC in dysplastic HPV16 skin but not 
mammary tumors. [A] Percentage of CD45^ cells in single-cell suspensions isolated from negative littermates (-LM) and HPV16/ 
CtsC^/" (blue) and HPV16/CtsC"/" (red) mice at 1, 4, and 6 mo of age as determined by flow cytometry, n = 3-12 mice per group. [B] 
Composition of immune cell lineages expressed as percentages of total CD45"^ leukocyte infiltrates in ear tissue of negative littermates 
(-LM) and HPV16/CtsC^/" and HPV16/CtsC"/" mice at 1, 4, and 6 mo of age as determined by flow cytometry, n = 3-10 mice per 
group. (C) Angiogenic vasculature in skin tissue sections of negative littermates (-LM) and HPV16/CtsC"^^~ and HPV16/CtsC~/~ mice 
at 1, 4, and 6 mo of age as assessed by CD31 immunohistochemistry revealing endothelial cells (brown staining). Values reflect average 
number of CD31"^ vessels from five high-power fields per mouse and four to eight mice per category. Representative images of HPV16/ 
CtsC^/" and HPV16/CtsC"/" mice at 6 mo of age are shown. (Dashed line) Epithelial-dermal interface; (e) epidermis; (d) dermis; (c) 
cartilage. [D] Quantitative analysis of keratinocyte proliferation as assessed by determining the percentage of BrdU-positive 
keratinocytes (red staining) at distinct stages of premalignant progression in ear tissue of HPV16/CtsC"^^~ and HPV16/CtsC~^~ mice 
at 1, 4, and 6 mo of age. Representative images of HPV16/CtsC^'^~ and HPV16/CtsC~^~ mice at 6 mo of age are shown, n = 4-7 mice per 
group. (£) The stromal composition of mammary tumors determined by polychromatic flow cytometry through analysis of the 
cytokeratin negative populations in MMTV-PyMT/CtsC^^" (blue) versus CtsC~^~ (red) animals, n = 5-8 mice per group. [F] 
Composition of CD45^ leukocytes within mammary glands isolated from negative littermates (— LM) and mammary tumors from 
MMTV-PyMT animals as determined by polychromatic flow cytometry. 12 = 7-10 mice per group. (G) Immunohistochemical analysis of 
tumor angiogenesis as shown by total CD31 vessel density for MMTV-PyMT/CtsC"^^" (blue) and MMTV-PyMT/CtsC"^" (red) animals 
on day 95. n = 17-23 mice per group. Representative staining is shown at the right. [H] Proliferation in MMTV-PyMT mammary tumors 
as determined by the percentage of nuclei incorporating BrdU. n = 17-23 mice per group. Representative staining is shown at the right. 
Significance was determined by an unpaired t-test; {*) P < 0.05; (**) P < 0.01; (***) P < 0.001. 
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development. Indeed, congruent with the reduced pres- 
ence of CU45^ leukocytes in premalignant skin, angio- 
genic programming (CD31"^ blood vessels) (Fig. 3C) and 
keratinocyte hyperproliferation (epithelial bromodeox- 
yuridine [BrdU] positivity) were reduced in HPV16/ 
CtsC~/~ mice as compared with age-matched littermate 
controls (Fig. 3D; Supplemental Fig. S6C). In contrast, 
CtsC deficiency in MMTV-PyMT mice failed to alter the 
presence of CD45^ cells or other stromal cell populations 
in mammary tumors and normal mammary glands (Fig. 
3E,F) and subsequently resulted in no changes in vascular 
density (Fig. 3G) or proliferating mammary epithelial 
cells (Fig. 3H). 

Squamous, but not mammary, carcinogenesis 
is CtsC -dependent 

Attenuated parameters of premalignant progression in 
CtsC-deficient/HPV16 mice, including reduced leuko- 
cyte infiltration and vascularization as well as impaired 
ability of keratinocytes to achieve hyperproliferative 
growth characteristics, culminated in diminished pres- 
ence of focal dysplastic lesions (Fig. 4A) and reduced 
overall incidence of invasive carcinoma (27% of HPV16/ 
CtsC-deficient mice developed SCCs by 12 mo of age as 
compared with the -50% in HPV16/CtsC -proficient 
mice) (Fig. 4B). Moreover, the distribution of tumors that 
did develop in HPV16/CtsC~/~ mice was instead biased 
toward more differentiated carcinomas with a lower 
malignant grade as compared with SCCs from HPV16/ 
CtsC""/" mice (Fig. 4C). 

On the other hand, CtsC-deficient MMTV-PyMT mice 
exhibited no change in tumor incidence (Fig. 4D) or 
growth (Fig. 4E), consistent with the absence of altered 
stromal cell characteristics in mammary carcinogenesis. 
Although F4/80"^ macrophages expressed high levels of 
CtsC in mammary tumors and macrophages play a signif- 
icant role in regulating pulmonary metastasis in MMTV- 
PyMT mice (Lin et al. 2001; DeNardo et al. 2009), there 
was no change in total metastatic tumor burden (Supple- 
mental Fig. S7A), presence of circulating carcinoma cells 
(Supplemental Fig. S7B,C), or ability of CtsC-deficient 
macrophages to promote in vitro invasion of mammary 
epithelial cells (Supplemental Fig. S7D,E). Together, these 
data revealed a tissue-specific role for CtsC in squamous, 
but not mammary, tumor development. 

Squamous carcinogenesis is independent of mast 
cell chymase-4 and NE 

As a dipeptidase, CtsC is thought to largely function as 
an activator of other proteases, including mast cell chy- 
mases and NE (Affara et al. 2009). Accordingly, we eval- 
uated enzymatic activities of murine mast cell chymase 
(mMCP4) (Fig. 4F-H) and NE (Fig. 4I-K) in neoplastic 
tissue derived from HPV16/CtsC~/~ mice and revealed 
an almost complete absence of both serine protease 
activities, while levels of pro-MMP9 and active MMP9 re- 
mained unchanged (Supplemental Fig. S8). Since mMCP4 
is the only mast cell chymase expressed in neoplastic skin 



of HPV16 mice (Coussens et al. 1999), this result indicated 
a nonredundant role for CtsC in proteolytic activation of 
mMCP4 as well as NE. Based on this, we speculated that 
genetic elimination of either protease might result in 
phenocopying the attenuated characteristics of neoplastic 
progression observed in HPV16/CtsC~/~ mice. We thus 
generated cohorts of HPV16/mMCP4"/" (Fig. 4G,H) and 
HPV16/NE-/- (Fig. 4J,K) mice and evaluated overall SCC 
incidence as compared with +/— littermate controls. In- 
terestingly, the absence of either mMCP4 or NE had no 
significant effect on SCC development, indicating that 
lack of activation of either protease alone was not solely 
responsible for the observed phenotype in CtsC-deficient/ 
HPV16 mice. 

CtsC expression by fibroblasts and leukocytes 
is necessary for sustained angiogenesis 
and tumor development 

Using syngeneic SCC cell lines (PDSC5.6 and PDSC5.2) 
originally derived from poorly differentiated SCCs on 
HPV16 transgenic mice, we previously reported that 
growth of orthotopic SCCs is significantly diminished 
in syngeneic mice lacking activating Fc7 receptors on 
myeloid cells (Andreu et al. 2010). Consistent with this, 
growth of both PDSC5 cell lines was significantly re- 
tarded in syngeneic CtsC~/~ mice (Fig. 5A; Supplemental 
Fig. S9A) despite PDSC5-derived expression of CtsC 
(Supplemental Fig. S9B), thus indicating a significant role 
for host-derived CtsC. As with the attenuated develop- 
ment of angiogenic vasculature in HPV16/CtsC~^~ mice, 
vasculature in PDSC5 tumors was significantly reduced 
as early as day 6 following transplantation into CtsC~/~ 
hosts (Fig. 5B; Supplemental Fig. S9C). Similarly, 
PDSC5.6 cells failed to promote angiogenic responses in 
CtsC-deficient hosts using a Matrigel plug assay (Supple- 
mental Fig. S9D). 

To delineate the identity of functionally significant 
CtsC -expressing dermal cells mediating angiogenesis 
and tumor growth characteristics, we evaluated the 
two major stromal populations within premalignant skin 
of HPV16 mice; e.g., CD45"^ leukocytes and neoplasia- 
associated fibroblasts (NAFs) (Erez et al. 2010). When 
coimplanted along with PDSC5 cells in CtsC-proficient 
hosts, bone marrow-derived (BMD) CD45'^ cells derived 
from CtsC-proficient, but not CtsC-deficient, donors 
fostered rapid tumor growth (Fig 5C), with BMD mast 
cells displaying a partial dependence on CtsC for pro- 
moting human umbilical vein endothelial cell (HUVEC) 
migration in vitro (Fig 5D). However, CtsC-proficient 
BMD CD45"^ cells failed to rescue tumor growth in 
CtsC~/~ mice (Fig. 5C); thus, we hypothesized that fibro- 
blast-derived CtsC was significant for SCC growth. To 
assess this, we derived NAFs from hyperplastic and 
dysplastic skin of HPV16/CtsC'^/~ mice at 1 and 4 mo of 
age, respectively, as compared with similar cells derived 
from age-matched HPV16/CtsC"/~ cohorts and moni- 
tored PDSC5 tumor growth in syngeneic CtsC~/~ versus 
CtsC"^/" mice. While coimplanted NAFs derived from 
1 -mo-old HPV16/CtsC"'/" mice failed to rescue PDSC5 
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Figure 4. CtsC promotes progression of SCCs but not mammary carcinomas. [A] Percentages of ear skin (area) exhibiting hyperplasia 
by 1 mo of age (Hyp) or dysplasia by 4 and 6 mo of age (Dys). n = 9-29 mice per category. [B] Percentage of SCC-free in HPV16/CtsC"^^~ 
(blue) and HPV16/CtsC"/" (red) cohorts. (C) Grading of SCC tumors from HPV16/CtsC^/" [hght] and HPV16/CtsC"/" [left] mice, n = 
239 mice (HPV16/CtsC"'/" cohorts); n = 323 mice (HPV16/CtsC"/" cohorts). (D) Mammary tumor incidence for MMTV-PyMT/CtsC^/" 
(blue) and MMTV-PyMT/CtsC~^~ (red) animals shown by the percentage of mice without visible tumors, n = 120 mice per group. 
(£) Total tumor burden for mice at day 95 and at end stage (day >100). n = 18-23 mice per group. [F] Enzyme activity of chymase was 
assessed in skin ear tissue lysates from negative littermates (— LM), HPV16/CtsC^^~ (blue) and HPV16/CtsC~^~ (red) cohorts at 1, 4, and 
6 mo of age; and SCC tumor tissue, n = 3-4 mice per group, with each sample assayed in triplicate. Significance was determined by an 
unpaired t-test; (*) P < 0.05; (**) P < 0.01; (***) P < 0.001. {G,H] Percentage of SCC-free (G) and SCC tumor grading [H] in HPV16/ 
mMCP4"/" cohorts (red) compared with HPV16/mMCP4^/" control cohorts (blue), n = 64 mice (HPV16/mMCP4"'/" cohorts); n = 66 
mice (HPV16/mMCP4~^~ cohorts). (I) Enzyme activity of NE was assessed in skin ear tissue lysates from negative littermates (— LM); 
HPV16/CtsC"'/- (blue) and HPV16/CtsC-/- (red) cohorts at 1, 4, and 6 mo of age; and SCC tumor tissue. n = 3 mice per group, with each 
sample assayed in triplicate. Significance was determined by an unpaired t-test; (* ) P < 0.05. {J,K) Percentage of SCC-free (/) and SCC tumor 
grading [K] in HPV16/NE~^~ cohorts (red) compared with HPV16/NE"^/~ control cohorts (blue). n = S3 mice (HPV16/NE"'/- cohorts); n = 94 
mice (HPV16/NE-/- cohorts). 



tumor growth in CtsC~/~ recipient hosts (Supplemental 
Fig. S9E), NAFs derived from dysplastic skin of 4-mo-old 
HPV16/CtsC"'/" mice restored early PDSC5 growth ki- 
netics in CtsC~/~ mice (Fig. 5E). These findings were in 
parallel with the in vitro and in vivo angiogenic potential 
of NAFs, with only NAFs derived from 4-mo-old HPV16/ 



CtsC"^/~ mice able to promote in vitro HUVEC migration 
(Fig. 5F) and vessel formation when implanted as Matrigel 
plugs (Supplemental Fig. S9F). The altered angiogenic 
potential of NAFs at 1 and 4 mo of age was not due to 
changes in Ctsc expression levels, as this was similar at 
the two time points (Supplemental Fig. S9G). 
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Figure 5. CtsC expression by fibroblasts 
and immune cells mediates angiogenesis 
and growth of transplantable tumors. {A) 
Deficient tumor growth in mice lacking 
CtsC. PDSC5 clone 6 (PDSC5.6) tumor cells 
were injected subcutaneously (s.c.) into 
CtsC"/" versus CtsC^^" syngeneic FVB/n 
mice. 22 = 20 mice per group. Significance 
between CtsC"/" versus CtsC^^" hosts was 
determined by an unpaired t-test; (*) P < 
0.05. [B] Angiogenesis was attenuated as 
early as 6 d following implantation of 
PDSC5.6 tumor cells in CtsC"/" mice com- 
pared with CtsC"/" cohorts. Blood vessels 
were evaluated by CD31 immunohisto- 
chemistry. Values represent the average of 
five high-power fields of view per mouse. 
n = 4-14 tumors per category. Significance 
was determined by an unpaired t-test; (**) 
P < 0.01; (***) P < 0.001. (C) PDSC5.6 cells 
alone (blue) or admixed with BMD CD45^ 
isolated from HPV16/CtsC"'/" (orange) or 
HPV16/CtsC"/" (green) mice at 4 mo of age 
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(square) at a ratio of 3:1 (PDSC5:CD45^). n = 
8-9 mice per category. Significance between 
PDSC5 cells in combination with CD45^/" 
derived from HPV16/CtsC^/" versus PDSC5 
cells alone in CtsC^/" hosts was determined 
by an unpaired t-test; (*) P < 0.05. [D] Mast 
cells derived from CtsC^/" and CtsC"/" 
bone marrow and treated for IgE-dependent 
FcsRI stimulation were evaluated for 
HUVEC migration using a Boyden chamber 
assay, n = 3-4 mice per group. Significance 
was determined by an unpaired t-test; {*] P < 
0.05. (£) HPV16/CtsC^/"-derived NAFs iso- 
lated at 4 mo of age are necessary but not 
sufficient to mediate tumor growth in 
CtsC"/" mice. PDSC5.6 cells alone (blue) 
or admixed with HPV16/CtsC^/" -derived 
(orange) or HPV16/CtsC"/"-derived (green) 
NAFs were injected s.c. into CtsC^/" (circle) 
or CtsC"/" (square) at a ratio of 3:1 
(PDSC5:NAF). n = 5-14 mice per group. 
Significance between PDSC5 cells in com- 
bination with NAFs derived from HPV16/ 
CtsC""/" versus PDSC5 cells alone in CtsC^/" 
hosts was determined by an unpaired t-test; 
(*) P < 0.05. [F] HPV16/CtsC"'/"-derived and 
HPV16/CtsC"'/"-derived NAFs at 1 and 4 mo 
of age were evaluated for HUVEC migration 
using a Boyden chamber assay, n = 3-5 mice 

per group; samples were assayed in triplicates. Significance was determined by an unpaired t-test; {*] P < 0.05. (G) Reconstitution of CtsC- 
deficient mice with CtsC^/" bone marrow in combination with HPV16/CtsC"^/" -derived NAFs isolated at 4 mo of age was sufficient to 
restore and sustain tumor growth in the absence of host-derived CtsC. PDSC5.6 cells were admixed with HPV16/CtsC"'/" -derived or HPV16/ 
CtsC" /"-derived NAFs (ratio 3:1) and injected s.c. into CtsC"^/" (blue) or CtsC"/" (red) host mice that were lethally irradiated and transplanted 
with bone marrow from CtsC"^/" or CtsC"/" mice that also expressed GFP under control of the p-actin promoter. Shown are tumor volumes at 
day 55 after tumor cell inoculation, n = 3-5 mice per group. Significance was determined by an unpaired t-test; (*) P < 0.05; (**) P < 0.01. [H] 
Density of angiogenic vasculature from G was evaluated by CD31 immunohistochemistry. Values represent the average of five high-power 
fields of view per mouse, n = 3-5 tumors per category. Significance was determined by an unpaired t-test; (*) P < 0.05; (***) P < 0.001. 
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Despite their angiogenic potential, PDSC5 tumors dicating that while CtsC-proficient NAFs were crucial for 
rescued by coimplantation with CtsC-proficient NAFs initial SCC proliferation in CtsC~/~ hosts, they were not 
regressed at later stages of tumor growth (Fig. 5E), in- sufficient to sustain ongoing tumor development. We 
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thus reasoned that a combination of CtsC-expressing 
CD45"^ leukocytes and dysplasia-derived NAFs might 
fully restore and sustain PDSC5 tumor development in 
CtsC~^~ recipient mice. We therefore lethally irradiated 
CtsC""/" and CtsC"/" mice and reconstituted their bone 
marrow with BMD cells from either CtsC"^/" or CtsC~/~ 
donor mice carrying an actin green fluorescent protein 
(GFP) (Supplemental Fig. S9H) followed by cotransplan- 
tation with PDSC5 cells and NAFs derived from either 
4-mo-old HPV16/CtsC"'/" or HPV16/CtsC"/" mice. As 
shown in Figure 5G and Supplemental Figure S9I, follow- 
ing transplantation with CtsC""/" BMD cells, HPV16/ 
CtsC"^/~-derived NAFs promoted and sustained PDSC5 
tumor growth in CtsC~/~ mice analogous to control 
CtsC"^/~ mice. Sustained tumor growth in CtsC~/~ hosts 
receiving CtsC-proficient bone marrow and NAFs was 
marked by nearly equivalent vascular density (Fig. 5H), 
indicating that CtsC expression from both leukocytes 
and NAFs is required for fostering angiogenic program- 
ming and ongoing tumor development. 

Discussion 

Cathepsin proteases have emerged as functionally signif- 
icant regulators of several solid tumor types (Joyce and 
Hanahan 2004; Mason and Joyce 2011) and have thus 
fueled renewed interest in development of selective pro- 
tease inhibitors for anti-cancer therapy (Egeblad and Werb 
2002; Turk 2006; Fonovic and Bogyo 2007; Palermo and 
Joyce 2008). This interest has included development of 
several selective Cts inhibitors, including a covalent 
CtsC inhibitor with potential for in vivo use (Yuan 
et al. 2006). Tissue specificity is a significant determinant 
of expression and activity for multiple classes of pro- 
teolytic enzymes, an issue that befuddled clinical trials of 
matrix metalloproteinase (MMP) inhibitors (Coussens 
et al. 2002). For example, whereas CtsL is a regulator of 
proteolytic networks in the skin (Tholen et al. 2013) and 
is protective against squamous cell (Dennemarker et al. 
2010; Benavides et al. 2012) and two-stage chemical 
(Benavides et al. 2012) carcinogenesis, CtsL is critical 
for pancreatic islet tumor growth (Gocheva et al. 2006). 
Based on this, it is now clear that understanding not only 
temporal dynamics of protease function but also organ 
specificity in which individual proteases exert func- 
tional capacity is of paramount importance for clinical 
translation. 

Along these lines, we evaluated two members of the 
Cts family, CtsB and CtsC, for their differential contri- 
butions to squamous and mammary cancer development. 
CtsB plays a significant role in de novo carcinogenesis in 
MMTV-PyMT mice, where it regulates macrophage- 
mediated primary tumor latency and pulmonary metas- 
tasis (Vasiljeva et al. 2006; Gocheva et al. 2010) as well as 
in glioblastoma (Gondi et al. 2004) and pancreatic islet 
carcinogenesis (Gocheva et al. 2006). CtsB also regulates 
the homeostatic proteome in skin (Tholen et al. 2013); 
however, during squamous carcinogenesis, in spite of 
increased expression and activity, CtsB exerted no func- 
tional role in regulating SCC progression or development 



in K14-HPV16 mice. In contrast, whereas CtsC plays 
a significant role in regulating mammary gland branching 
morphogenesis (Lilla and Werb 2010) and activates sev- 
eral other proteases in that tissue (Pham and Ley 1999; 
Wolters et al. 2001; Adkison et al. 2002; Mallen-St Clair 
et al. 2004), CtsC was not found to play a functional role 
during mammary carcinogenesis. During squamous car- 
cinogenesis, however, CtsC expression significantly reg- 
ulated progression to malignancy and overt SCC devel- 
opment, thus identifying CtsC as a significant regulator of 
carcinogenesis in that locale. Notably, while multiple data 
sets in Oncomine (http://www.oncomine.org; Rhodes 
et al. 2004) revealed no increase in CTSC expression in 
human breast cancer as compared with counterpart nor- 
mal tissue (data not shown), SCCs of the oral cavity, 
nasopharyngeal, thyroid, head and neck, and tongue ex- 
hibit significantly increased CTSC expression as compared 
with normal counterpart tissue (Supplemental Fig. SIO). 

Cumulatively, these studies highlight a tissue-specific 
role for cathepsin proteases during carcinogenesis. Tissue 
specificity need not derive from an interaction with the 
tumor stroma; for example, CtsL-deficiency in epithelial 
cells has been found to enhance proliferation during 
squamous cell carcinogenesis (Dennemarker et al. 2010) 
while limiting proliferation during two-stage chemical 
and pancreatic islet carcinogenesis (Gocheva et al. 2006; 
Benavides et al. 2012). That said, the majority of Cts are 
expressed predominantly within the stromal compart- 
ment (Joyce et al. 2004), with a demonstrated role for 
stromal-derived CtsB and CtsS expression in pancreatic 
islet and mammary carcinogenesis (Gocheva et al. 2006, 
2010; Vasiljeva et al. 2006) and, as described here, a role 
for stromal CtsC in promoting angiogenesis during squa- 
mous carcinogenesis and ongoing SCC development. As 
with CtsB and CtsS, expression of CtsC by BMD cells is 
important for promoting tumor growth, with BMD mast 
cells displaying a reduction in their ability to promote 
angiogenesis in vitro. However, expression by BMD cells 
was not sufficient for growth of orthotopic SCCs, with 
only the combination of CtsC-proficient NAFs and BMD 
cells able to sustain long-term tumor growth. This impor- 
tant stromal dependency by SCCs for sustained tumor 
development could partially explain the differences be- 
tween squamous and mammary locales, as tumor pro- 
gression in MMTV-PyMT mice is resistant to large-scale 
perturbations in its stromal compartment, such as the 
almost complete absence of macrophages (Lin et al. 2002; 
DeNardo et al. 2011), and unlike squamous SCC de- 
velopment (Coussens et al. 1999), there is no evidence 
of mast cell dependency for development of mammary 
tumors (Lilla and Werb 2010). 

In leukocytes, CtsC regulates activity of several down- 
stream proteases, and, consistent with previous observa- 
tions, we observed a reduction in mast cell chymase and 
NE activities in neoplastic skin of K14-HPV16/CtsC~/~ 
mice (Wolters et al. 2001; Adkison et al. 2002). However, 
genetic deletion of either mMCP4 or NE in K14-HPV16 
mice did not phenocopy CtsC-deficient HPV16 mice in 
terms of SCC progression, incidence, or grading. It may be 
that only the combined loss of activity from these and 
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Other serine proteases underlies the important role of 
CtsC in the angiogenic potential of mast cells or other 
leukocytes or, alternatively, that SCC incidence and 
progression are more heavily dependent on CtsC expres- 
sion by NAFs. NAFs have been found to foster tumor 
growth by not only directly stimulating tumor cell pro- 
liferation and remodeling of ECM architecture but en- 
hancing angiogenesis and orchestrating recruitment and 
activation of immune cells in the tumor microenviron- 
ment (Kalluri and Zeisberg 2006; Erez et al. 2010). It is not 
entirely clear which of these capabilities are mediated by 
CtsC, as we observed altered immune infiltration, reduced 
keratinocyte proliferation, and reduced vascularization in 
CtsC-deficient mice during squamous cell carcinogenesis. 
However, as a reduction in vascular density was the most 
prominent of the phenotypes observed and NAFs from 
CtsC-deficient mice promoted minimal HUVEC migra- 
tion in vitro, we hypothesize that CtsC expression by 
NAFs is necessary for their angiogenic potential. 

NAF proangiogenic potential was restricted to fibroblast 
populations derived from dysplastic skin at 4 mo of age as 
compared with NAFs derived from 1 -mo-old mice, in- 
dicating that the programming of proangiogenic NAFs 
may be a later event during progression. In support of this, 
although fibroblast activation can be detected as early as 1 
mo from the hyperplastic skin of K14-HPV16 mice, these 
NAFs differ substationally from those isolated from dys- 
plastic skin in terms of inflammatory gene expression 
(Erez et al. 2010). It has been reported that NAF pro- 
gramming is dependent on IL-ip expression by leukocytes 
(Erez et al. 2010), and the inhibition of CtsB in myeloid 
cells can limit release of IL-ip (Homung et al. 2008; 
Bruchard et al. 2013). However, we found no effect of CtsB 
deficiency in K14-HPV16 mice or evidence of altered IL-1 (3 
activation in whole-tissue lysate from CtsC-deficient mice 
(data not shown) to support a role for Cts in mediating 
NAF programming. The majority of well-characterized 
CtsC substrates are leukocyte-specific, but as CtsC pos- 
sesses broad specificity (Turk et al. 1998), it may poten- 
tially process a distinct array of proteins with fibroblast 
origin. Interestingly, fibroblast activation protein (FAP), 
which has been reported to promote tumor development 
(Cheng et al. 2002; Santos et al. 2009), is a serine protease 
(Scanlan et al. 1994; Park et al. 1999); however, there is no 
evidence that CtsC is involved in FAP activation or even 
that FAP activation requires cleavage. Thus, while CtsC 
expression by fibroblasts and BMD cells in skin is critical 
for promoting angiogenesis and tumor growth, the down- 
stream cleavage products within the stromal compart- 
ment mediating this effect remain to be determined. 

Stromal populations are increasingly targets for anti- 
neoplastic therapy, with the hope that targeting geneti- 
cally stable populations will reduce/delay development 
of acquired resistance. Fibroblasts have been depleted 
in several studies by targeting FAP (Loeffler et al. 2006; 
Ostermann et al. 2008), although as recent reports indi- 
cate that this may induce severe toxicities due to expres- 
sion in normal bone marrow and muscle (Roberts et al. 
2013; Tran et al. 2013), perhaps inhibiting fibroblast 
protease activity may prove more efficacious and safe 



(Santos et al. 2009). Unfortunately, current CtsC inhibi- 
tors exhibit poor pharmacokinetics (Guay et al. 2010), 
and even the broad-spectrum cysteine Cts inhibitor JPM- 
OEt exhibits poor bioavailability in mammary carcino- 
mas and lungs when administered systemically (Schurigt 
et al. 2008). Targeted delivery of CtsC inhibitors to the 
tumor microenvironment, such as through encapsulation 
in ferri-liposomes (Mikhaylov et al. 2011), may be the 
best approach for moving CtsC inhibitors into the clinic, 
where they may act to inhibit stromal-driven angiogen- 
esis in SCC. 



Materials and methods 

Animal care and use 

FVB/n strain background mice harboring the PyMT transgene 
under the control of the MMTV promoter (Guy et al. 1992) 
and early region HP VI 6 genes under control of the human 
keratin 14 promoter (Coussens et al. 1996) have been previously 
described. CtsC-deficient mice (Pham and Ley 1999) and CtsB- 
deficient mice (Halangk et al. 2000) were backcrossed into the 
FVB/n strain to N5 and then intercrossed with MMTV-PyMT or 
K14-HPV16 mice. HPV16/CtsC"/" versus HPV16/CtsC^/" mice 
were aged to the indicated time points or were euthanized with 
low body condition scores per Institutional Animal Care and Use 
Committee (lACUC) guidelines. For MMTV-PyMT animals, 
mice >100 d of age with a single 2.0-cm tumor were considered 
end stage and used for analysis of pulmonary metastasis and 
circulating tumor cells (CTCs), while 95-d-old animals were used 
for analysis of primary tumors. Tumor latency/incidence and 
pulmonary metastasis for MMTV-PyMT animals (DeNardo et al. 
2009) and characterization of neoplastic stages based on hema- 
toxylin and eosin staining and keratin intermediate filament 
expression for histologic examination have been reported pre- 
viously (Coussens et al. 1996; Daniel et al. 2003). Prior to 
terminal cardiac perfusion with PBS containing 10 U/mL heparin 
( Sigma- Aldrich), mice were intraperitoneally (i.p.) injected with 
50 mg/kg BrdU (Roche) for 90 min. Resected tissues were either 
fixed with 4% PFA for 4 h, incubated overnight in 30% sucrose, 
and embedded in optimal cutting temperature (OCT; Sakura 
Finetek) medium; directly embedded in OCT post-resection; or 
incubated overnight in formalin prior to ethanol dehydration and 
paraffin embedding. All mice were maintained within the 
University of California at San Francisco (UCSF) Laboratory for 
Animal Care barrier facility, and all experiments involving 
animals were approved by the UCSF LACUC (AN082829-02E). 

Subcutaneous implantation of PDSCS-derived tumors 

PDSC5 cells were suspended in 100 fxL of diluted cold growth 
factor-reduced Matrigel (BD Biosciences) in PBS (1:1) (0.5 X 10^ 
cells) and inoculated subcutaneously (s.c.) in the flanks of 7-wk- 
old CtsC~/~ versus CtsC^^" mice. Transplantable tumors were 
measured at a 2-d interval using a digital caliper, and tumor 
volume was calculated using the equation V (mm*^) = a X 
where a is the largest diameter and b is the smallest diameter. In 
some experiments, PDSC5 cells were admixed with early pas- 
sage NAFs derived from the ears of HPV16/CtsC~/~ versus 
HPV16/CtsC-'/- mice at 1 mo or 4 mo of age at a ratio of 3:1 
(PDSC5:NAF). For Matrigel plug assays, PDSC5 cells (1.5 X 10^ 
cells per 100 fxL) were suspended in 300 jjlL of growth factor- 
reduced Matrigel and injected in the ventral side in the groin area 
of 7-wk-old CtsC~/~ versus CtsC^^" mice. Plugs were dissected 



GENES & DEVELOPMENT 2095 



Ruffell et al. 



out at 26 d following inoculation, and plugs were recovered, fixed 
in 10% neutral-buffered formalin, and paraffin-embedded. The 
extent of neovascularization was evaluated by staining with rat 
anti-mouse CD31 (BioLegend). 

Bone marrow transplantation 

Female CstC~/~ and CtsC^^" mice (7 wk old) were lethally 
X-irradiated with 9.0 Gray (Gy). BMD cells were obtained 24 h 
later from either CstC~/~ or CtsC^^" donor female mice that 
ubiquitously expressed enhanced GFP by flushing dissected 
femurs and tibias with PBS. To prepare single-cell suspensions, 
flushed cells were passed through 70-|jLm nylon strainers (Falcon). 
Nucleated cells (1 X lO'') in 100 |jlL were transplanted retro- 
orbitally into lethally irradiated animals. Neomycin (2 mg/mL) 
and polymyxin B sulfate (100 fxg/mL) were added to ultrafiltered 
(Milli-Q) drinking water of irradiated mice. To verify engraftment, 
peripheral blood leukocytes were collected at 2 wk follow- 
ing engraftment and evaluated for expression of GFP by flow 
cytometry. 

Isolation of primary NAFs 

Primary NAFs were prepared by mincing hyperplastic and 
dysplastic ears of HPV16/CtsC"/" versus HPV16/CtsC"'/" mice 
that have been sterilized in betadine solution followed by ex- 
tensive washing in PBS. Cells were grown on collagen type 
I-coated plates (100 |jLg/mL; BD Biosciences) in 0.02 N glacial 
acetic acid and maintained in subconfluent culture in DMEM 
containing 10% fetal bovine serum (FBS), 50 U/mL penicillin, 
50 fJLg/mL streptomycin, and 100 ixg/mL fungizone. Alterna- 
tively, NAFs (CD45"CD31"PDGFRa^) were purified by flow 
cytometry using BD FACSAria cell sorting system from single- 
cell suspensions prepared from the ears of HPV16/CtsC~/~ versus 
HPV16/CtsC-'/- mice at 1 and 4 mo of age. Purified PDGFRa"^ 
fibroblasts were further maintained in culture as described above 
and used in subsequent transplantation assay at an early passage. 

Flow cytometry 

Tissues were resected from cardiac perfused mice and, following 
manual mincing, incubated for 30 min at 37°C in DMEM 
(Invitrogen) with 2.0 mg/mL Collagenase A (Roche) and 50 
U/mL DNase I (Roche) in addition to 0.5 mg/mL elastase 
(Worthington) for lungs or 1 mg/mL hyaluronidase (Worthington) 
for skin. Single-cell suspensions were prepared by filtering through 
70-|jLm nylon strainers (BD Biosciences). Staining and analysis for 
mammary tumors (DeNardo et al. 2011) and skin leukocyte 
infiltrates (Andreu et al. 2010) were performed as described. 

Immunohistochemistry 

Immunohistochemistry was performed as previously described 
(Andreu et al. 2010; DeNardo et al. 2011). Mast cells were 
evaluated using toludine blue staining on paraffin sections. 
Briefly, sections were deparafinized and rehydrated through 
graded alcohols and water followed by incubation in 0.1% 
toludine blue in 0.1% NaCl (pH 2) for 3 min. Slides were 
dehydrated and cleared through xylenes and coverslipped with 
cytoseal. Quantitation was done by either manual counting in five 
high-power (40 x) fields of view (FOV) per age-matched section or 
automated quantitative image analysis using the Aperio ScanScope 
CS Slide Scanner (Aperio Technologies) system with a 20x 
objective to capture whole-shde images followed by analysis of 
positively stained cells and CD31"^ vessels assessed with a nuclear 
default or microvessel default algorithm, respectively. 



Endothelial cell chemotaxis assays 

HUVEC (American Type Culture Collection [ATCC]) mono- 
layers were harvested and resuspended in F-12K medium (ATCC) 
supplemented with 1 .0% BSA. HUVECs were then seeded at 10^ 
cells (100 |jlL) onto the top chamber of 8-|jLm transwell filters 
(Corning). The filters were then placed in a 24- well plate that 
contained 600 |jlL of conditioned medium collected from primary 
PDGFRa"" NAFs purified by flow cytometry using BD FACSAria 
cell sorting system from single-cell suspensions prepared from 
the ears of HPV16/CtsC"/" versus HPV16/CtsC'/" mice at 4 mo 
of age as well as control and IgE-stimulated BMMC. Addition of 
chemo tactic factors, including 100 ng/mL rVEGFigs (R&D Sys- 
tems) or 10% FBS, to lower chambers served as positive controls. 
Chambers were incubated for 8 h at 37°C in a CO2 incubator. 
Nonmigrating cells were gently removed from the filter surface 
using cotton swabs. Inserts were fixed in cold methanol followed 
by incubation with Diff-Quick stain (IMEB, Inc.). Inserts were 
then mounted with Cytoseal 60 (Thermo Fisher). HUVEC 
migration to the underside of the transwell membrane was 
quantitated by enumerating the number of migrated cells in five 
random fields (lOOx total magnification) per insert. 

Statistical analysis 

Unless otherwise indicated, values are represented as means ± 
SEM, with significance shown as P < 0.05 (*), P < 0.01 (* *), and 
P < 0.001 (***) by an unpaired t-test. 
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